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Abstract 

Recent work has clearly demonstrated a direct correlation between the amount of trehalose present in the yeast Saccha- 
romyces cerevisiae and its ability to tolerate dehydration, but has failed to elucidate the specific role played by trehalose. By using 
Fourier transform infrared spectroscopy we measured the transition temperature of phospholipids in both intact S. cereL'isiae and 
isolated plasma membranes dried in the presence and absence of trehalose. Our results show that trehalose lowers the 
temperature of the dry gel to liquid crystal phase transition in yeast from around 60°C to about 40°C, thus allowing yeast 
rehydrated above 40°C to avoid the damaging effects of passing through a phase transition. These results explain both the need 
for trehalose and the observation that yeast must be rehydrated with warm water if they are to remain viable. Only when 
trehalose is present is the dry transition within a physiologically tolerable range and only when the cells are rehydrated above 
40°C will they avoid passing through a phase transition. 
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I. Introduction 

Trehalose is a non-reducing disaccharide O-a-D- 
glucopyranosyl-l , l -a-o-glycopyranoside) found ubiqui- 
tously in fungi and widely in both bacteria and animals 
[1]. Trehalose is especially common in anhydrobiotic 
organisms, organisms capable of surviving extended 
periods of dehydration [2]. In the budding yeast Sac- 
charomyces ceret,isiae trehalose levels are low during 
periods of rapid growth and increase during periods of 
slow or no growth [3]. Although proposed to function 
as a stress protectant  in anhydrobiotic organisms [4-6], 
trehalose was initially thought of as a reserve carbo- 
hydrate in yeast. Only recently has its role as a stress 
protectant  in yeast been recognized [6,7], with several 
studies demonstrat ing a strong correlation between the 
amount  of trehalose present  and the viability of dried 
S. cereuisiae [8-10]. Although trehalose has been shown 
to be vital to yeasts'  ability to survive desiccation, the 
mechanism of its action has remained unclear. 

A possible explanation of the action of trehalose in 
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dry yeast can be derived from model membrane  stud- 
ies. As phospholipid membranes  are dried, the temper-  
ature at which the gel to liquid crystal phase transition 
(T m) occurs increases [2]. Trehalose has been shown to 
interact with model membranes  during drying and lower 
the dry membrane  phase transition tempera ture  [5,11]. 
Work on model systems has shown that dry liposomes 
rehydrated at room temperature,  a temperature  which 
is below the dry T m, undergo a lyotropic phase transi- 
tion from gel to liquid crystal phase, becoming leaky as 
they pass through the transition. Liposomes or isolated 
biological membranes  dried with trehalose and rehy- 
drated at room temperature,  which is now above the 
dry T m, do not experience a phase transition and suffer 
no damaging effects [4,12]. 

Bakers and brewers have known for years that dry 
yeast must be rehydrated with warm water  if they are 
to remain viable. S. cereuisiae rehydrated at tempera-  
tures below 38-40°C suffer imbibitional damage, leak 
cytoplasmic contents into the rehydration media, and 
consequently suffer high mortality [13,14]. These re- 
suits led Van Steveninck and Ledeboer  [13] to propose 
that a gel to liquid crystal phase transition occurs when 
S. cerecisiae are rehydrated at low temperatures.  

The presence of a phase transition in the upper  
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range of yeasts' temperature tolerance may provide a 
strong clue as to the function of trehalose in dry yeast. 
It is reasonable that the T m of membranes in dry yeast 
may be high, perhaps higher than yeast can physically 
tolerate, and that trehalose functions to lower the dry 
T m into a physiologically tolerable range. In this study, 
the dry transition temperature of yeast membranes is 
determined and the effect of trehalose on the transi- 
tion temperature is investigated. 

2. Materials and methods 

Yeast strains and culture conditions. Yeast strain 131 
(ras2 mal) was a gift from Dr. A.D. Panek. Cultures 
were grown on standard 2% YED media (yeast extract 
1.3%, glucose 2.0%, (NH4)2SO 4 0.2%, and KH2PO 4 
0.2%) in an orbital shaker at 30°C and 160 rpm. 
Growth was followed by turbidity measurements at 560 
nm. Cells in first log phase were collected after 15 h in 
culture, while stationary phase cells were removed af- 
ter 48 h in culture (24 h after glucose exhaustion). 

Extraction and measurement of  trehalose. To extract 
trehalose, 10 mg dry weight of cells were collected by 
centrifugation (500 × g for 3 min), washed twice with 
4°C distilled water, and incubated at 4°C in 2 ml of 0.5 
M trichloroacetic acid for 20 min vortexing every 5 
min. Trehalose in the acid extract was measured using 
an anthrone assay [15]. 

Dehydration. Cells were washed twice with 4°C dis- 
tilled water, frozen in liquid nitrogen and placed on an 
Edwards Super Modulyo freeze-dryer for 24 h. 

Measurement of  leakage. Upon removal from the 
freeze-dryer, cells were rehydrated with 5 ml of dis- 
tilled water at specific temperatures. Samples were 
allowed to return to room temperature ( ~  25°C) before 
the conductivity was measured with a YSI model 35 
conductivity meter  and a model 3403 electrode. 

Determination of survival Survival was determined 
by rehydrating cells with distilled water at the desired 
temperature and then plating an aliquot on 2% YED 
plates. Plates were incubated for 48 h at 30°C before 
counting. Percent survival was calculated by comparing 
colony counts from experimental plates to control plates 
(no dehydration). 

Isolation of plasma membrane. Starter cultures were 
prepared by loop inoculating 50 ml of liquid medium 
and grown as described above. 80 mg dry weight of 
exponentially growing cells from the starter cultures 
were used to inoculate 500 ml of 2% YPD. Cells were 
grown to a concentration of 4.5 mg dry weight /ml  
before harvesting (in early stationary phase). Plasma 
membranes were isolated following the method de- 
scribed in Araujo et al. [16]. 

Isolated plasma membrane preparations were sepa- 
rated into 1 mg protein aliquots, suspended in 1 ml 

water or 100 mM trehalose, frozen with liquid nitrogen 
and dried on a freeze-dryer for 24 h. 

Determination of phase transition temperature. T m of 
the dry cells and the dry membranes were determined 
using a Fourier Transform Infrared (FTIR) microscope 
connected to a Perkin-Elmer 1620 FTIR spectroscope. 
Dry samples were transferred under vacuum from the 
lyophilizer into a glove box flushed with dry nitrogen to 
a relative humidity of 9 +_ 3%. Samples were sand- 
wiched between two CaF 2 windows and the edges were 
sealed with high-vacuum silicon grease. The sealed 
windows were removed from the glove box, loaded into 
a liquid nitrogen cooled temperature controller (Paige 
Instruments, Woodland, CA), and placed in the micro- 
scope. The sample chamber of the microscope was 
flushed with dry nitrogen for the length of each run. 
Sample temperature was increased in 2 C ° increments, 
held constant for 1 rain before scanning, and 30 scans 
were taken at each temperature.  Scanning the entire 
temperature range took no longer than 2 h, and no 
hydration of the sample was detected over the course 
of the experiment. 

T m of the dry whole cells was determined by plotting 
the frequency of the PO 4 symmetric vibration against 
temperature,  as described by [17]. The isolated mem- 
brane T m was determined using the frequency of the 
CH 2 symmetric vibration [18]. 

Freeze-fracture. S. cerevisiae 14 membranes were 
prepared as describe above. Samples were frozen in 
liquid freon and fractured on a Balzers BAF 400D with 
platinum shadowing. Replicates were examined in a 
Philips 410 transmission electron microscope. 

Lipid extraction. Lipid was extracted from an iso- 
lated membrane preparation by a ch loroform/metha-  
nol (2:1,  v /v)  extraction [19]. After drying under N 2 
the sample was resuspended in distilled water and the 
T m determined as described above. 

Measurement of  ergosterol effects. Hydrated unila- 
mellar DEPC (Avanti Polar Lipids, Birmingham, AL) 
liposomes were made by extrusion through polycarbon- 
ate filters (Poretics Co., Livermore, CA) and contained 
0, 30 or 50% ergosterol (Sigma, St. Louis, MO) by 
weight. A Perkin-Elmer 1750 FTIR connected to a PC 
running Perkin-Elmers' IRDM software was used to 
determine the T m of the liposomes. Except for loading 
the samples between the windows outside the drybox 
samples were treated as described above. 

3. Results and discussion 

3.1. Trehalose, rehydration temperature and survival 

The importance of trehalose in S. cerevisiae's ability 
to tolerate desiccation has been clearly demonstrated 
[8,20], and present results confirm and extend those 
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Fig. 1. Survival of yeast freeze-dried from stationary phase (©) or log 
phase (,) and rehydrated at various temperatures. 

findings. S. cerevisiae 131 freeze-dried from stationary 
phase cultures (containing approximately 86 mg tre- 
ha lo se /g  dry weight of cells) show a substantial in- 
crease in survival when they are rehydrated between 
40-45°C while cells freeze-dried from the exponential 
phase of growth (with approximately 7 mg t r eha lose /g  
dry weight of cells) have low survival at all rehydration 
temperatures  (Fig. 1). Leakage data show a similar 
pattern; stationary phase cells rehydrated below 40°C 
have higher leakage than cells rehydrated at higher 
temperatures  and cells dried from log phase cultures 
have high leakage independent  of  rehydration temper-  
ature (Fig. 2). 

3.2. Phase transitions and survival: intact cells 

The high leakage and low survival of stationary 
phase cells rehydrated at lower temperatures  have 
been attributed to a phase transition around 40°C [13], 
without direct evidence that this is so. The presence of 
a physiologically important  phase transition offers an 
enticing explanation of the role of trehalose in dehy- 
dration tolerance in yeast. I f  trehalose serves to lower 
the membrane  T m in dry yeast to a physiologically 
tolerable range, around 40°C, thereby preventing the 
damaging effects of a phase transition in cells rehy- 
drated above the Tm, it would explain both the in- 
creased survival and decreased leakage seen in station- 
ary phase cells rehydrated above 40°C and the intoler- 
ance of log phase cells to rehydration at any tempera-  
ture (Figs. 1 and 2). 

To confirm the existence of a membrane  transition 
around 40°C we a t tempted  to use F T I R  as previously 
done for artificial liposomes [4], pollen [21], and sperm 
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Fig. 2. Leakage from yeast freeze-dried from stationary phase (o) or 
log phase (e) and rehydrated at various temperatures as measured by 
conductance of the rehydration media. Vertical bars denote S.E. of 
the mean for four seperate determinations. 

[18]. Basically, the method consists of measuring the 
wavenumber  of the CH 2 absorbance peak at various 
temperatures  and then plotting the wavenumber  against 
the tempera ture  (Fig. 3). While this technique is very 
sensitive to changes in CH 2 vibrational frequency it 
cannot determine the source of the CH 2. If  the pri- 
mary source of CH 2 is phospholipid the transition 
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Fig. 3. Representative FTIR spectra of intact dry yeast showing the 
CH 2 peaks and the increase in vibrational frequency (wavenumber) 
seen with increasing temperature. 



l[) S.B, 1,eslie et al. / Btochimica et Biophysica Acta 1192 (1994) 7-13 

t-- 

r~ 

O 
e- 

.GI 

O ql 

< 

1300 1280 1260 1240 1220 1200 

Wavenumber (cm -1) 

Fig. 4. Representative FTIR spectra of intact dry yeast showing the 
PO~- region and the decrease in vibrational frequency (wavenumber) 
seen with decreasing temperature. 

determined will be that of the phospholipid mem- 
branes. However, if the majority of CH 2 is in the form 
of neutral lipid, such as triglycerols, the phospholipid 
transition is hidden under the stronger neutral lipid 
signal [21]. S. cereuisiae 131 contain large stores of 
neutral lipids in the form of lipid bodies, making it 
impossible to determine the T m of the plasma mem- 
brane by observing the CH 2 symmetric stretch (data 
not shown). Previous work [17] has shown that in 
addition to the CH2 symmetric stretch, the asymmetric 
phosphate stretch can be used to determine lipid phase 
changes. The phosphate absorbance peak from intact 
yeast is clear, undergoes a substantial shift when the 
membranes undergo a transition, and is not masked by 
the presence of neutral lipid in the cells (Fig. 4). 
Plotting the frequency of the phosphate vibration 
against temperature,  it was possible to determine a T m 
for intact dry yeast. Log phase ceils, those without 
trehalose, have a T m around 50°C, while stationary 
phase cells containing trehalose have a T m around 
30°C (Fig. 5). Although use of the phosphate vibration 
shows a transition, the T m for stationary phase cells is 
|©wet than we would predict based on the survival and 
leakage data. The lower T m could result from a change 
in headgroup packing prior to acyl chain melting, or it 
could be the result of inorganic phosphates in the cell, 
possibilities that are discussed in the next section. 

3.3. Phase transitions in isolated membranes 

To investigate the possible effect of inorganic phos- 
phate on the measured phosphate transition, we deter- 

mined the 7~ of a plasma membrane preparation 
isolated from stationary phase cells. In addition to 
removing inorganic phosphate, the isolation procedure 
eliminates the problem of neutral lipid interference, 
making it possible to observe the CH 2 symmetric vibra- 
tions of the plasma membrane. Membranes dried with- 
out trehalose have a transition around 60°C, about 20 
C ° higher than membranes dried with trehalose (Fig. 
5). Both of these values agree well with the survival 
and leakage data presented here (Figs. 1 and 2) and 
elsewhere [13,14] but are about 10 C ° higher than the 
phosphate transition seen in intact cells. The differ- 
ence between the phosphate and the CH 2 T m values 
may indicate that phosphate headgroups undergo a 
change in packing or conformation prior to acyl chain 
melting. Alternatively, the higher temperature mea- 
sured for the acyl chains may be a result of the mem- 
brane isolation [22]. However, when we determined T m 
from the phosphate of the isolated membranes, we 
found that T m is the same for intact cells and isolated 
membranes (Fig. 6). We suggest, based on this finding, 
that isolation of the membranes does not alter T~ and 
that the difference in apparent T m as measured with 
the phosphate and CH 2 groups supports the idea that 
lipid headgroups undergo a conformational change be- 
fore acyl chain melting. 
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Fig. 5. Vibrational frequencies for the PO~- asymmetric stretch ([], 
II) from intact yeast and the CH 2 symmetric stretch (©, o) from 
isolated membranes dried with (H, ©) and without ( i ,  o) trehalose, 
as a function of temperature. Arrows indicate the transition temper- 
ature as determined from the CH 2 symmetric stretch of isolated 
membranes. 
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Fig. 6. Vibrational frequencies for the PO 2- asymmetric stretch as a 
function of temperature in intact cells ( • )  dried from log phase and 
isolated membranes (zx) dried without the addition of trehalose. 
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Fig. 7. Representative FTIR spectra at 35°C showing the CH 2 bands 
for isolated membranes and a lipid extract from the membranes. 
Although more easily seen in the extracted lipid, the CH 2 symmetric 
peak has the same vibrational frequency in both samples. 

3. 4. Phase transitions in extracted lipids 

While it was possible to determine the CH 2 peaks 
in the isolated membranes we found that there was a 
much larger, unexplained peak in the CH 2 region of 
the spectra (Fig. 7). Freeze-fracture of membranes 
isolated from S. cerevisiae shows spikes extending from 
the membrane (Fig. 8), which we think are remnants of 

the cell wall not removed during the membrane isola- 
tion. By determining the T m of lipid extracted from the 
isolated membranes via a chloroform/methanol  (2:1) 
extraction we attempted to rule out the possibility that 
components of the cell wall remained in the mem- 
branes after the isolation procedure, influencing the T m 
of the preparation, and to eliminate the unexplained 
peak seen in the isolated membrane spectra. Although 

Fig. 8. Freeze-fracture image of isolated membrane from S. cerevisiae showing the spike-like structures present after the isolation procedure. 
These structures may account for the unusual appearance of the CH 2 bands in isolated membranes. The arrow indicates direction of shading and 
the bar represents 70 nm. 
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smaller, the T m of the isolated lipid agrees well with 
that of the membrane preparation (Fig. 9), again con- 
firming that the measured T m is valid and not an 
artifact of the isolation procedure. Additionally, the 
large peak seen in spectra of isolated membranes was 
not present in the spectra of the extracted lipid (Fig. 
7), in keeping with the suggestion that it is due to 
remnants of the cell wall. 

3.5. Sterol effects on phase transitions 

Extracted lipids have a T m close to that of the 
isolated membranes, but the size of the transition (i.e., 
the change in vibrational frequency of the CH 2 groups) 
is substantially smaller than what is seen in the isolated 
membranes (Fig. 9). This magnitude of the frequency 
change seen in the isolated membranes is, in turn, 
smaller than that seen in pure phospholipids [4]. These 
effects could be due to the presence of sterols in the 
membranes. Increased sterol concentration makes the 
gel phase more fluid and the liquid crystal phase more 
rigid [23], resulting in a smaller change in frequency 
when the membrane undergoes a transition. In the 
case of extracted lipids, the difference in size and the 
slightly lower transition temperature compared with 
the isolated membranes may be explained by a change 
in the interaction between sterols and phospholipids 
following protein removal by the lipid extraction; in 
other words, isolation of the chloroform/methanol  sol- 
uble components raises the sterol and phospholipid 
proportion of the membrane. 
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Fig. 10. Vibrational frequency of the CH 2 symmetric stretch as a 
function of temperature in DEPC unilamellar vesicles made with 0 
(o), 30 ( ~ ), or 50 ( [] ) mol% ergosterol. 

S. cerevisiae do not contain substantial amounts of 
cholesterol, but they do contain large amounts of er- 
gosterol [24,25]. The effects of ergosterol on lipid phase 
transitions has not previously been investigated di- 
rectly, but we expected, based on its structural similari- 
ties to cholesterol, that it would have similar effects on 
phospholipids. When phase transitions were measured 
in DEPC liposomes made with increasing amounts of 
ergosterol, the results shown in Fig. 10 were obtained. 
Clearly, as ergosterol concentration increases above 
30% of the total lipid T m is depressed and the magni- 
tude of the frequency change is diminished, in keeping 
with the suggestion that ergosterol is responsible for 
these effects in the intact membranes (Fig. 5) and 
extracted lipids (Fig. 9). 

3.6. Conclusion 

In conclusion, this work shows that by lowering the 
dry T m to a physiologically tolerable temperature tre- 
halose is responsible for yeasts' ability to tolerate des- 
iccation and subsequent rehydration and that a lipid 
phase transition is responsible for the high mortality 
seen in S. cerevisiae rehydrated below 40°C. Although 
not explicitly demonstrated in this study, it seems rea- 
sonable that trehalose may function in a similar role in 
other dehydration tolerant organisms. 

Temperature (°C) 
Fig. 9. Vibrational frequency of the CH 2 symmetric stretch as a 
function of temperature for isolated membranes dried with (o) and 
without (o) trehalose and extracted lipids ( • )  dried without tre- 
halose. 
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